Meningiomas are the most common primary intracranial lesion and the second most common primary symptomatic intracranial lesion. 37, 57, 67, [73] [74] [75] They are generally slow-growing, benign tumors, most of which are classified as WHO Grade I. 98 Nonetheless, certain histological subtypes are associated with a less favorable outcome and correspond to WHO Grade II or III. Studies applying the model of clonal evolution 17, 59, 60 to meningiomas have shown that a loss of material from chromosome 22 is the primary and fundamental event in the oncogenesis of these tumors. 4, [6] [7] [8] [9] [10] 14, 15, 22, 26, 29, 32, 35, 36, 45, 86, 87, 90, 92, 101, 102 More aggressive meningiomas also have a tendency to appear with more complex genetic alterations, corroborating the hypothesis that the formation of aggressive tumors follows a multistep progression model. [8] [9] [10] 22, 29, 34, 51, 68, 90 The stepwise progression of genetic abnormalities toward a higher-grade tumor is postulated based on cytogenetic findings in large groups of patients with different grades of tumor, and these findings are applied to define the rule of progression in meningiomas. In this study, we focused on the clinical course of 11 patients in whom the tumor showed histopathologically confirmed malignant progression. In four cases, we analyzed the biological and genetic findings in successive specimens to identify the cytogenetic alteration responsible for this malignant progression. meningioma treated by the senior author (O.A.). The first step in this study was to compare the results of histopathological analysis in the recurrent tumors with the primary or another previous result. Only patients with tumors that showed progression to a higher grade on subsequent histopathological studies were selected for this investigation; 11 cases fulfilled these criteria. The medical records of these patients (hospital, clinic, department, and follow-up notes) were reviewed.
A search for the paraffin blocks containing surgical specimens was conducted. If the patient had undergone surgery at another institution, we requested the surgical specimen and sent a protocol explaining the subject of and plan for the study. We collected successive specimens in four patients; we obtained the original samples in three. These pathological samples were submitted for immunohistochemical staining with MIB-1 and p53, and genetic tests with FISH. The results of the FISH analysis were compared with the results of previous standard genetic studies.
Fluorescence In Situ Hybridization
The methods used for FISH analysis followed those of Paternoster, et al., 66 with slight modifications. Sections of blocks were examined for tumor and the margins of corresponding areas were marked. Multiple tissue cores were collected from these areas with a 20-gauge needle that was pushed through the entire block. Core paraffin samples were dissolved at room temperature with three 10-minute changes of xylene (100 l each) in a microcentrifuge tube. The tissue was rehybridized with 100 l of 100, 75, and 50% ethanol, respectively, for 5 minutes each. The tissue was manually disaggregated with a unopipette tip. Enzymatic digestion was done by adding 100 l proteinase K for 30 minutes; nuclei were then pelleted and the proteinase K was removed. Each pellet was washed twice with phosphate-buffered saline and then resuspended in 100 l of fixative. Slide preparations were made by placing 10 l of nuclei suspension within a 13-mm circle on a positively charged microscope slide (Erie Scientific, Portsmouth, NH). Slides were dried in an oven set at 65˚C for 30 minutes and then subjected to microwaves for 5 minutes.
Probes for the chromosome 1p telomere (No. 33-252001; Vysis, Downers Grove, IL), the 14q telomere (No. 33-260014; Vysis), and the 22q11.2 bcr gene locus (No. ; Vysis) were used according to the manufacturer's protocols. Samples were analyzed with the aid of an Olympus fluorescence microscope equipped with a 100-W mercury lamp. A total of 200 consecutive interphase nuclei were scored for each specimen. The normal range for the 200 nuclei was calculated using data from normal blood specimens. The upper limit of the normal range was determined using a one-sided 95% confidence interval in observing the maximum number of nuclei for each false-positive signal pattern seen in the 200 nuclei by using binomial distribution. The normal cutoff was 3.5% for 1p, 3.5% for 14q, and 1% for 22.
Results

Clinical Data
The clinical data for each patient are listed in Table 1 . Of the 11 patients selected, four were women and seven were men. Eight patients had a first pathological report of a benign tumor, whereas three (all men) had atypical tumors. Four tumors occurred at the base of the skull, four at the cranial vault, and three (all atypical) at the falx. The mean age of the patients at diagnosis was 48.65 years (range 27-72 years) for the group who first had benign tumors and 53.3 years (range 53-54 years) for the group with atypical tumors.
The mean period between the first surgery and the histopathologically confirmed diagnosis of progression was 138.7 months (range 24-188 months) for the group with initially benign tumors and 40.6 months (range 12-73 months) for the group with atypical tumors.
Five patients, three with benign and two with atypical tumors, underwent radiation therapy or radiosurgery before the histopathologically confirmed diagnosis of progression was made.
Presence of MIB-1 and p53
We were able to perform tests for MIB-1 and p53 in nine samples obtained in four patients (Table 2 ). In one, however, the result could not be interpreted because of a large amount of necrosis. The first surgical samples were available in three cases.
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Malignant progression in meningioma: cytogenetic findings The value for MIB-1 ranged from 0 to 1.7 (mean 0.72) in the first available samples. The MIB-1 value in the last surgical samples, which were obtained in the most aggressive tumors, ranged from 2.6 to 34.2 (mean 10.25). A consistent increase in the MIB-1 value was seen in all subsequent samples. The p53 value increased only in the sample in which it was originally positive (0.1-2).
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The results obtained using the probes for Ϫ22, Ϫ1p, and Ϫ14q are listed in Table 3 . A deletion of chromosome 22 was found in all samples; however, in one of the samples of a lower pathological grade its deletion was the only alteration detected. A complex karyotype with the deletion of 1p and 14q was found in three of the lower-grade samples before progression. In one case cytogenetic progression accompanied the progression to a higher histopathological grade, adding deletions of 1p and 14q to the previously deleted 22 in the initial sample. In one case a better karyotype was found in the recurrence, a finding appropriate for tumor heterogeneity.
The results of standard cytogenetic analysis were available for three of these cases. In all of the studies compared, the results of FISH analysis showed more sensitivity to the detected alterations in the same sample.
Illustrative Case
This 72-year-old man presented with a history of headaches and a "bump" in his skull. He exhibited no neurological or systemic alterations on physical examination. Admission MR images revealed a 2.5 ϫ 5.5 ϫ 4-cm frontal supraorbital mass crossing the midline (Fig. 1A) . The patient underwent a right frontal craniotomy with total resection of the mass. The resection was classified as Simpson Grade 0, which was confirmed on the postoperative MR images. The original pathological report disclosed a benign fibroblastic meningioma, and analysis of the paraffin block showed an MIB-1 of 1.7% (Fig. 1B) . The p53 value was positive at 0.1, and FISH analysis revealed deletions of 22, 1p, and 14q (Fig. 1C) .
Two years later, the patient suffered worsening headaches and MR images revealed a 2-cm recurrence with prominent edema (Fig. 2A) . The patient underwent gross-total resection of the mass. The pathological report showed an atypical meningioma. Analysis of the paraffin block showed an MIB-1 of 19.7, and the FISH results showed a deletion of 22 and 1p (Fig. 2B) . Three months later, another recurrence with bifrontal spread was detected (Fig. 3A) . A bifrontal craniotomy was performed and the tumor was found infiltrating the brain tissue and skin. The lesion was extensively resected and the surgical site was reconstructed with a free skin and vascularized muscle flap. The results of histopathological analysis were consistent with a malignant meningioma. The MIB-1 analysis of this sample showed a higher index (34.2) and the p53 value was also elevated. 2 Fluorescence in situ hybridization analysis of the surgical sample showed the same alteration as that detected in the original sample, with deletions of 22, 1p, and 14q. The patient underwent radiation therapy and extensive consultation for chemotherapy (which the patient's family declined), and his neurological condition progressed. Yet another recurrence was seen on postoperative MR images, and pulmonary nodules that were believed to be consistent with metastatic lesions were seen on the chest x-ray films. The patient died 6 months later, but no postmortem studies were performed.
Discussion
Meningiomas are the most common intracranial neoplasms. 37, 68, [73] [74] [75] Even though most of them are asymptomatic and are discovered incidentally, 57, 64, 74, 75 they occupy the second place in the pantheon of symptomatic primary brain tumors.
12,37,67,68,73-75 A major concern is the discrepancy that arises between the histological appearance of the tumor and its clinical behavior. 2, 5, 11, 23, 25, 33, 40, 42, 47, 65, 69, 72, 101 When malignant histological variants of meningiomas are diagnosed, however, we face a different and difficult disease with a median survival duration of only 1.5 years and a fatal outcome in most cases. 69 The question of malignant transformation compared with de novo malignant tumors has been well studied with regard to gliomas. 14, 16, 20, 21, 31, 45, 49, 70, 82, [91] [92] [93] [94] [95] [96] [97] Extending this question to aggressive meningiomas, it is not clear whether these lesions originate from a precursor benign tumor or if they originate as aggressive tumors that do not completely express their malignancy histopathologically but that carry the genetic potential to do so. Some series have shown that 0.16 to 2% of all meningiomas transform into malignant variants 27, 29, 78 and that 14 to 28.5% of recurrent benign meningiomas transform into atypical or malignant lesions. 2, 24, 25 This rate of progression is even higher in atypical lesions, with approximately 26 to 33% showing malignant features in the recurrent tumor. 24, 25, 65 The reported history of malignant meningiomas shows that 14 to 29% were first diagnosed at a lower grade of malignancy. 71, 78 In the literature, the period of time that elapsed to the malignant transformation ranged from 8 months to 26 years. 28, 46, 55, 99, 100 In our series, this period ranged from 99.7 months (in women) to 177.75 months (in men) for tumors first diagnosed as benign, and was considerably shorter (40.8 months) for tumors first diagnosed as atypical.
In the series of reports that describe this rate of transformation 2,23-25,29,65,69,78 there is no discussion of or details about the multiple, relevant facts that could be involved and no attention is paid to this potential. Furthermore, there is no discussion of the stepwise evolution because the subject is restricted to isolated case reports in which the progression is mapped based on one parameter. 6 Studies of genetic evolutionary pathways and biological behavior markers are performed in large groups of patients, and the results from different tumors in different individuals are used to postulate the rule of the progression. The uniqueness of our study is in the analysis of the clinical course of 11 cases, in four of which we could conduct biological and genetic studies in samples of recurrent tumor.
Genetic Basis of Tumor Progression
The model of clonal evolution, which can be applied to most neoplasms, 17, 59, 60, [79] [80] [81] states that the development of a tumor is initiated by a single cell carrying a mutation (the mutation model), 17, 59, 60 which gives it a select growth advantage. As the tumor progresses to a more malignant stage, it accumulates mutations. 59, 60, 79, 89 There is also a tendency over time for tumor cells to speed up their growth rate, escaping from local growth control mechanisms. 60 This issue has been well studied in gliomas, in part because 49 to 86% of recurrent low-grade gliomas dedifferentiated to a more malignant form, 31, 49, 93 allowing mapping of the genetic progression in successive specimens. 14, 16, 20, 21, 45, 82, 92, [94] [95] [96] [97] Meningiomas have been intensively studied with cytogenetics in recent years. 4,6,7-10,14,15,22,26,29,32,34-36,38,43,45,51,68,77,86,87,90, cytogenetic abnormalities, an initial diploid stage 4, 7, 9 that is associated with more benign behavior. Following this diploid stage comes the so-called primordial chromosome event, which is the alteration in chromosome 22, the event most implicated in the oncogenesis of meningiomas. 4,6,7-10, 15,22,26,29,32,35,36,45,68,86,87,90,92,101,102 The alteration is present in 33 to 46% of benign, 68, 77 68 to 100% of atypical, 34, 77 and 73 to 100% of malignant 35, 77 tumors. The rate of other chromosomal alterations also increases according to the histopathological grade. The deletion of chromosome 1p is present in 8 to 15% 34, 68, 90 of benign, 29 to 76% 34,51,90 of atypical, and 58 to 100% 29, 34, 35 of malignant tumors. The deletion of 14q occurs in 4 to 20% of benign, 40 to 47% of atypical, and 55 to 100% of malignant tumors. 34, 51, 90 The occurrence of abnormalities in chromosomes 3, 6, 9, 10, and 17 also increases with the histopathological grade. 6, 8, 9, 29, 34, 35, 51, 68, 77, 90, 101 Such observations show that more malignant tumors present a more complex karyotype. Nonetheless, a complex karyotype can be observed even in benign tumors, 68 and the cytogenetic results in a series of patients with benign, atypical, and malignant meningiomas can be extrapolated for the construction of a stepwise progression. Few studies have included successive, recurrent specimens obtained in an individual patient whose tumors began benign but become malignant. 8, 29, 90, 100 Unfortunately, we could not obtain all the paraffin blocks of the tumors resected in each of our patients, but our results nonetheless contradict the proposed stepwise progression found in the literature. Our specimens showed the same complex genetic alterations that we see in malignant tumors already apparent in the early, benign stages of those tumors. Of course, because we were limited to the probes that we tested with the FISH method, we could not determine whether there was an unknown key genetic alteration guiding the histopathological progression.
Predicting Clinical Behavior
The main problem, regardless of the treatment used for a meningioma, is how to predict recurrence rates. Recurrence not only complicates control of the neoplasm but also drastically increases the morbidity rate. 2, 23, 32, 41, 44, 48, 55, 58 Wellestablished factors influencing the recurrence rate include the histopathological grade, 5, 19, 22, 24, 25, 40, 41, 48, 50, 55, 65, 78 the extent of resection, 2, 3, 13, 41, 44, 48, 52 and the presence of biological markers. 1, 11, 13, 14, 19, 23, 28, 30, 39, 43, 47, [52] [53] [54] 56, 61, 62, 71, 72, [83] [84] [85] 
Histological Classification
The incidence of benign tumors varies from 73 to 94.3%, that of atypical lesions from 4.7 to 19.8%, and of malignant tumors from 1 to 7.2%. 25, 32, 71 The descriptive histopathological criteria for diagnosing meningiomas vary considerably, however, making it difficult to apply them in a reliable and reproducible fashion. The different criteria used to define the benign, atypical, and malignant histological types make it troublesome to compare the data from different studies. 1-3, 5,6,9,11,15,19,24-26,32,39,40,42,48,50-52,54,65,69,70,77 The proposed classifications are based on published series of qualitative and quantitative parameters. 2, 5, 13, 25, 48, 50, 54, 65, 70, 78, 92 The qualitative criteria are difficult to correlate among the different series. In an attempt to solve the problems of the grading system, quantitative criteria have been studied. In fact, the criteria currently used by the WHO 98 to define benign, atypical, and malignant meningiomas include the number of mitotic figures as a key parameter. A finding of more than four mitoses per 10 hpf is considered atypical, and the presence of more than 20 mitoses per 10 hpf categorizes the tumor as malignant, independent of the presence or absence of any other qualitative criteria. Counting mitotic figures is a simple, low-cost procedure that requires no additional preparation. Nevertheless, measurement can be extremely difficult depending on the quality of the tissue sample, and predicting tumor behavior according to the histopathological features alone seems to be problematic. 1 
Biological Markers
To solve the problems of the grading system, quantitative criteria have been studied. Because there is a tendency toward an increased growth rate in more aggressive specimens, proliferation indices have been created to try to predict the behavior of a tumor. This cell proliferation index usually correlates with the aggressiveness of the meningioma. 1 The MIB-1 antibody detects the same or a similar epitope as the original Ki-67 and has the advantage over Ki-67 that it can be used in frozen, paraffin-embedded, or decalcified tissue, and it is easier to interpret. 9, 10, 72 The value of MIB-1 corresponds to the histological findings in the tumor, increasing with the grade of malignancy, 1, 30, 43, 72 and it also corresponds to the risk of recurrence. 6, 23, 29, 46, 71, 84, 86 In our series, the value of MIB-1 was increased in all of the recurrent tumors, accompanying the pathological transformation.
Fluorescence In Situ Hybridization
Proliferation indices supplement the morphological findings in predicting tumor recurrence. 6, 19, 23, 25, 29, 30, 44, 47, 65, 72, 76, 85, 86 Like the histopathological findings, however, these indices denote something that is already happening in the tumor cells more than they predict the tumor's potential behavior.
As defined by the WHO, human neoplasms are the histological, phenotypical expression of an intriguing process involving the accumulation of successive genetic abnormalities implicated in the normal regulation of cell proliferation, differentiation, and death. 98 Therefore, it seems logical that before a tumor cell emerges a genetic alteration is present, even in the so-called initial diploid stage of a meningioma. Such phenomena can be explained by the limitation of the techniques in which in vitro cultured cells are used; nontumor cells, such as fibroblasts, may dominate these cultures. Only the few most active cells may be cytogenetically analyzed, or chromosomal changes may be the result of the in vitro propagation of a cell culture. 36 These facts could explain the results of the standard genetic studies performed in our cases.
New techniques have been developed in answer to the criticism of the classic process for the culture of cells. 22, 36, 85, 86 Fluorescence in situ hybridization is not time consuming and can be applied to various clinical materials, including paraffin-embedded tumor samples or biopsy samples. 22 Fluorescence in situ hybridization has been shown to be as or even more sensitive than the standard cytogenetic models. 86 This finding was confirmed in our series, in which the FISH analyses were more sensitive than the standard technique. Unfortunately, we were limited to the probes we chose to study and may have lost the ability to detect a stepwise progression. Nonetheless, that it is possible to analyze previous samples allows for the possibility of recognizing the presence of a complex karyotype years before any histopathological manifestation of malignancy. This analysis is what can predict the clinical behavior of a meningioma.
Conclusions
We present a series of meningiomas with histopathologically documented malignant progression, a phenomenon that probably occurs more often than is recognized. Reports in the literature indicate a stepwise genetic progression, with the deletion of chromosome 22 as the fundamental alteration and deletions in other chromosomes (1p, 14q, and 10q among others) in the progression of these tumors toward a more malignant type. In our study, the presence of a complex karyotype in the benign tumor preceded the histopathologically confirmed progression. This finding raises the possibility that these tumors were already intrinsically malignant and that they were destined to progress rather than evolve in a stepwise cytogenetic fashion corresponding to their histopathological progression. Thus, a complex karyotype should be considered in the classification of these tumors and used as a predictor of meningioma behavior.
